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Abstract
A significant proportion of the research into CCS in the literature assumes ‘complete capture’ of the CO2, that is at least 85 to 90 
percent of the CO2 from the flue gas is captured for the entire operating year (7,000 to 8,000 hours). Only a few papers have 
examined a model involving ‘flexible’ operation of the capture facility in which the CO2 is captured at variable or reduced rates 
for all or part of a day, week, season or year. This paper presents an assessment of the operational opportunities for deploying 
flexible CO2 capture at black coal fired power plants located in the state of New South Wales (NSW), Australia. Different models 
of flexible capture including part-time operation, partial CO2 capture rates and a combination of both operating modes are 
examined. The results show that it may be possible to reduce the current CO2 emissions from NSW coal- fired power plants by up 
to 50% during summer while still meeting the state electricity demand. The estimated cost of CO2 avoided ranges from A$120 to 
A$190 per tonne avoided for flexible capture.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
1.1. Background 
There is a significant body of literature on carbon capture and storage (CCS) in the public domain that examines 
the economic opportunities and suitability of different CO2 capture options for pulverized coal fired power plants. 
The research shows that CCS is expensive and the energy required for operating the CCS facilities (that is, the 
energy penalty) is a major drawback. However much of the research assumes ‘complete capture’ of the CO2, that is 
at least 85 to 90 percent of the CO2 in the flue gas is captured for the entire year, typically 7,000 to 8,000 hours of 
operation. Only a few studies have examined the option of ‘flexible’ capture [1-3]. The objective of fl exible capture 
is to utilize the changes in the demand and price of electricity in the market to take advantage of periods of low 
demand to minimise the energy loss experienced by a power plant operator due to deployment of CCS. 
One of the challenges of CCS deployment at power plants is the need to increase generation to account for the 
CCS energy penalty while meeting the demand for the energy by the consumer. Therefore for power plant operators, 
there is an obvious trade-off between the business attempting to generate profit in the electricity market while at the 
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same time mitigating CO2 emissions. Therefore it is likely that businesses will implement CCS on a step-wise basis, 
possibly using flexible CCS.
In this paper, we undertake a preliminary assessment of the technical and economic opportunities for deploying 
fl exible CO2 capture at coal -fired power generators operating in the state of New South Wales (NSW) in the 
Australian National Electricity Market (NEM). The analysis examines flexible capture of CO2 at a fleet of typical 
500 MW pulverised black coal power plants.  Three modes of fl exible capture are examined: operation at partial 
capture rates less than 90%; part-time operation and, a combination of part -time and partial capture.  This paper 
focuses on the application of retrofit capture without the provision of extra power generation to accommodate 
parasitic losses. The study aims to evaluate the potential for flexible capture based on the existing generation 
capacity of NSW. The study does not include the impacts of additional ‘peaking revenue’ that might be obtained by 
shutting down capture operations during high pricing periods.
1.2. The Australian National Electricity Market
In Australia, electricity is sold on a wholesale market where retailers compete for the electricity output o f 
different generators.  There are two wholesale energy markets in Australia; the National Electricity Market (NEM) 
and the Wholesale Electricity Market (WEM) [4-6]. The eastern and southern states of Australia trade through the 
NEM and the state of Western Australia trades through the WEM. Energy in the Northern Territory is supplied 
through the Power and Water Authority, owned and operated by the government [6].   
There are six regions in the NEM, namely Queensland, New South Wales including the Australian Capital 
Territory (ACT), the Snowy Mountains area, Victoria, South Australia and Tasmania. The primary fuel type used in 
Queensland and New South Wales is black coal, which accounts for over half of the total electricity generated in 
Australia. This is followed by brown coal in Victoria accounting for approximately 25%, with a few natural gas 
(generally peaking) plants distributed throughout each state. Natural gas is the main fuel used in South Australia 
producing 1% of Australia’s energy needs. Tasmania is predominantly supplied by hydroelectricity and the Snowy 
Mountains Hydro-electricity Scheme uses only water as an energy source. As the majority of Australia’s power 
plants are located in Queensland, New South Wales, Victoria and South Australia, it is likely that initial large scale 
deployment of CO2 capture technology would occur in these states. 
Figure 1 – Generators in the Australian National Electricity Market 
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Due to the nature of the spot market in Australia, base load coal power plants are able to respond relatively 
rapidly to changes in market conditions and can achieve timely changes in output due to their fast ramp rates. A 
typical large black coal power plant in NSW such as the one at Mt Piper has ramp rates of 75 MW/hr being capable
of dropping from an output of 650 MW to 300 MW in less than 2 hours [7]. This cycle occurs daily due to the 
fl uctuations in the market demand. The existing flexible operating nature of power generators in Australia suggests 
that it is potentially in a good position to implement fl exible CCS. The plants are technically able to increase or 
decrease their output to meet the energy demand and operators are familiar with the notion of flexible operation.
1.3. Capture Operating Modes
The majority of CO2 capture studies are focused on capturing and storing most of the CO2 from the emission 
sources. In full-time capture, CO2 is continually captured in a single operating mode with a constant capture rate and 
energy penalty. However, it is possible for the capture facilities at the power plant to be turned down and even 
switched off, so that CO2 is captured over some time periods and over other times it is released to the atmosphere. In
addition to the ability to switch-off the capture plant, CO2 capture technology could function in different modes thus 
providing flexibility of operation. In this paper, we define flexible capture as follows –
1) Partial CO2 Capture - capturing CO2 at a low recovery (less than 85 percent) on a constant basis. In this way, a 
proportion of CO2 is captured from the flue gas of the power plant and the remainder is emitted to the 
atmosphere. 
2) Part-time CO2 Capture - CO2 is captured for a selected time period (such as several hours per day) by running the 
capture plant during this time. The capture facilities are switched off at other times and the CO2 is vented to the 
atmosphere with the other flue gases.
3) Variable CO2 Capture - running the capture plant at different capture rates for selected time periods. For example, 
the capture plant may operate at a 90% capture rate for 8 hours of the day, 40% capture rate for 9 hours of the 
day and 20% capture for the remainder of the day. The capture plant would be built according to the maximum 
required capture capacity. 
2. Methodology
2.1. Assessment of flexible capture
In this paper, the total amount of electricity that the NSW generators have available to dispatch to the grid is 
evaluated for each of the flexible capture modes described above. The following assumptions were used:
! The demand for electricity in NSW is supplied only by generators located in the state;
! The assessment is only for the current generation capacity in NSW of 11,400 MW, no new plants are 
included in the total generation capacity;
! Any reserve capacity not required to meet the electricity demand can be used for capture; and
! Capture facilities are installed at all 23 of the 500 MW black coal fired power plants in NSW.
In assessing the opportunities for fl exible capture, trends in the NEM were also identified. This includes 
examining price and demand and assessing any relationships and patterns in the data.
2.2. Capture assumptions
The capture calculations were evaluated using a techno-economic model developed by the University of New 
South Wales for the CO2CRC [8]. The model calculates the total energy consumption and equipment dimensions 
for CO2 pretreatment, separation and compression.
It is assumed that capture uses Mitsubishi KS1 solvent absorption with flue gas heat integration. The energy 
required for capture (that is the steam required for solvent regeneration and the electricity for compression and 
pumping) is assumed to be parasitically derived from the power plant. Thus, the energy penalty for 90% CO2
recovery using KS1 solvent absorption is 23% (115 MW power reduction for a 500 MW black coal fired power 
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plant). At a capture rate of 40%, the energy penalty is 10% (50 MW), and at a capture rate of 20%, the energy 
penalty is 5% (25 MW). 
The recovered CO2 is compressed to 100 bar ready for transport. The power and sizes of the process equipment 
including the absorber, stripper, steam re-boiler, CO2 compressor, pumps, CO2 drying unit and flue gas and solvent 
heat exchangers are estimated using mass and energy balances and correlations.
2.3. Economic assumptions
The results are presented in Australian currency (A$) for 2008. The discount rate is 7% real, the operating life is 
25 years and the construction period for the capture facilities is 2 years. The economic assessment estimates the cost 
for capture equipment including the flue gas desulphurisation (FGD), selective catalytic reduction (SCR), KS1 
solvent absorption/regeneration units, CO2 compression, solvent and flue gas heat exchangers, pumps and general 
equipment such as storage tanks [8]. 
For cases 1 and 2 (partial and part-time capture), the capital costs are estimated for the relative size of capture 
plant required. For example, if the capture rate is 20%, the plant will be si zed for that flow-rate. The fixed operating 
costs are also estimated proportionally to the capture rate. For case 3 (variable capture), the capital and fixed 
operating costs are estimated for the highest intended operating capture rate. For example, if a plant is to be operated 
partly at 90% and partly at 40% capture rate, the capital costs will be equivalent to that of a plant designed for a 90% 
operating capture rate. This is because the capture plant must be constructed according to the specifications for the 
maximum operating capture rate. For part-time (case 2) and variable (case 3) operating modes, the variable 
operating costs (VOM) are correlated to the number of hours that the capture plant is in operation. A 30% 
contingency is included in the calculations. 
3. Identifying market trends in the Australian NEM
3.1. NEM normalisation
First, trends in the electricity price and demand were identified visually by graphing the demand and price data 
for a selected time period. Figure 2 presents the graphs of price and demand data for the months of February and 
July 2008. From these figures, it is clear that there are strong weekly cycles in both demand and price data with 
quite a strong match between the price and demand (as might be expected).
Figure 2 Demand and price data for NSW in 2008
To quantify the nature of the cycles, Fourier transforms were evaluated for the raw demand and price data. Table 
1 shows the normalised amplitude for the Fourier transforms for the two months February and July in 2008. In both 
Price
Demand
1896 D.E. Wiley et al. / Energy Procedia 4 (2011) 1893–1900
Author name / Energy Procedia 00 (2010) 000–000 5
February and July, it can be seen that the amplitudes for 7 day, 3.5 day, 1 day, 0.5 day and 0.25 day periods are 
relatively large. This confirms that distinct patterns exist in the data that repeat over each of these periods. There is 
also a strong positive relationship between the electricity price and the demand in the NSW electricity market as 
demonstrated by the close values of the normalised amplitude for each frequency. A repetition of this analysis for all 
months in 2008 showed the same trends for price and demand in NSW. This pattern was found to be consistent for 
all demand data available from the NEM.
Table 1 - Fourier Transform Summary for NSW in 2008
Frequency 
(/day)
Period (days)
(1/frequency)
Normalised Amplitude for July Normalised Amplitude for February
Demand Price Demand Price
0.14 7 0.35 0.34 0.37 0.31
0.29 3.5 0.50 0.18 0.23 0.23
1 1 1.00 1.00 1.00 1.00
2 0.5 0.83 0.91 0.34 0.40
4 0.25 0.18 0.44 0.05 0.17
3.2. Generic curves for the seasonal scenarios
Using the raw demand data for 2006, 2007 and 2008, generic demand curves were created to represent the 
weekly cycles in demand in the region of NSW.  Figure 3 shows an example of the generic curve obtained for 
summer. The graph begins at midnight Monday and ends at midnight Sunday. In developing the generic demand 
curves for NSW, it was found that four distinct patterns were obtained that roughly correspond with the seasons: 
Winter, Autumn, Spring and Summer. 
Figure 3 Generic demand curves for the season of summer in NSW
4. Assessing opportunities for flexible capture
4.1. Case 1: Partial CO2 capture on a constant basis
Figure 4 shows the amount and times that electricity is available for capturing CO2 (the shaded component) at a 
constant capture rate over the entire operating week. The current generator capacity in NSW is 11,400 MW. The 
maximum demand during summer is 10,900 MW. This means that there is 600 MW from the 23 power plants (or 26 
MW per power plant) that would be available for CO2 capture. This corresponds to a capture rate of approximately 
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20%. At this rate, approximately 2.9 million tonnes of CO2 could be captured during the summer season in NSW. 
Using the same methodology for all four seasons, an overall partial capture rate of 27% is achieved with over 17 
million tonnes of C O2 captured per year. The cost of capturing this amount of CO2 at a partial capture rate of 20% is 
estimated to be more than A$180 per tonne CO2 avoided.
Figure 4 Partial capture for the season of summer in NSW 
4.2. Case 2: Part -time capture using a 90% CO2 capture rate
Using a capture rate of 90% requires 115 MW per 500 MW power plant or 2,600 MW of energy across the 23 
power plants in NSW. In order to capture CO2 at this rate at all 23 power plants, the electricity demand must be less 
than 8,800 MW. Figure 5 shows the times (shaded) during summer when all the capture plants could be operated at 
a 90% capture rate. 
Figure 5 Part-time capture at a 90% CO2 capture rate for the season of summer in NSW
6,000
7,000
8,000
9,000
10,000
11,000
12,000
D
em
an
d 
(M
W
)
maximum generator capacity
Partial capture
6,000
7,000
8,000
9,000
10,000
11,000
12,000
D
em
an
d 
(M
W
)
maximum generator capacity
Part-time capture
1898 D.E. Wiley et al. / Energy Procedia 4 (2011) 1893–1900
Author name / Energy Procedia 00 (2010) 000–000 7
On average, the capture plants could operate part-time at a 90% capture rate between the hours of 10 pm and 6 
am in summer i.e for approximately one third of every day. Using a capture rate of 90% for one third of the day and 
not capturing at other times of the day, approximately 5.2 million tonnes of CO2 (i.e. about 30% of the emissions in 
NSW) could be captured over the summer season. The corresponding cost of avoidance is estimated to be 
approximately A$150 per tonne CO2 avoided. Annually, part-time capture results in C O2 reductions of 33% or over 
21 million tonnes of CO2 captured from the state of NSW.
4.3. Case 3: Variable capture rate
Figures 4 and 5 illustrate the consequences of capturing CO2 fl exibly using either partial and part-time capture. 
During the summer season in NSW, using part-time capture at a high capture rate of 90% reduces the emissions 
much more significantly (by about 90%) than using a low partial capture rate of 20%, however the costs are only 
15% lower. This is because the part-time capture at a 90% capture rate (case 2) has a large upfront (capital) 
expenditure for equipment that is then only utilized for a relatively small proportion (around one-third) of each day. 
Although much more CO2 is captured and avoided, the much larger equipment costs reduces any cost benefits 
achieved by capturing much more CO2. The preceding analyses raise the possibility of using variable capture rates 
to utilize the capture equipment for as much of the operating day as possible.
Figure 6 Variable capture at 90%/40%/20% CO2 recovery for the season of summer in NSW
Figure 6 shows one example of a variable capture scenario. In this scenario, the capture plant operates at a 90% 
capture rate between 10pm and 6am. Once the market conditions dictate that a 90% capture rate is not feasible, the 
capture plant is operated at a capture rate of 40% (6pm to 10pm and 6am to 11am). At all other times, the capture 
plant is operated at capture rate of 20%.  Using this combination of variable capture rates of 90/40/20%, 
approximately 8.4 million tonnes of CO2 (i.e. about 50% of the emissions in NSW) could be captured over the 
summer season. The corresponding cost of avoidance is estimated to be about A$100 per tonne CO2 avoided. Using 
the same methodology for all four seasons, an average capture rate of over 50% is achieved capturing over 34 
million tonnes of CO2 annually.
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5. Conclusion
The analysis shows that there is a strong positive relationship between demand and price for electricity in the 
state of New South Wales, and that the electricity demand can be described by four seasonal generic curves. Using 
these demand curves and flexible capture modes, it has been shown that it could be possible to capture up to 50% of 
the CO2 emissions in the state on a seasonal basis using only the existing generation capacity and still meet the 
demand for electricity. A greater overall amount of CO2 is captured using variable capture (different capture rates at 
different times of the day) than part-time capture at one rate or constant partial capture throughout the day.  
The analyses in this paper do not take into account changes in the power plant, capture plant or storage operation 
that would be required to accommodate the fl exible operating modes investigated here. Further work on the 
implications of such flexible operation is required to fully assess the feasibility of flexible operation as a potential 
pathway to implementation of CCS in the market place.
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